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The regulation of mitochondrial function in mammalian cells by Ca2 Excitable tissues such as the heart, skeletal muscle and the brain are major users of metabolic energy in carrying out their various functions. In these and other mammalian cells, intramitochondrial oxidative metabolism is of primary importance in meeting these energy requirements (see Hansford, 1985; Brand & Murphy, 1987) . There are three exclusively intramitochondrial enzymes that occupy key regulatory sites within this process which can be activated several-fold by increases in the concentration of CaZ+ ions within the range 0.1 -10 ,/AM; they are the pyruvate NAD + -isocitrate and 2-oxoglutarate dehydrogenases. Activation of these enzymes can be demonstrated within intact mitochondria (incubated with Na+ and Mg2+) when the extramitochondrial concentration of Ca2+ is raised within the expected physiological range 0.05-2 ,UM (see below). In excitable tissues, as in other mammalian cell types, agonistinduced increases in the cytoplasmic concentration of Ca? + appear in general to elicit events which require an increased production of ATP, e.g. contraction, exocytosis. This article reviews evidence to suggest that such increases in the cytoplasmic concentration of Ca? + result in increases in the intramitochondrial concentration of Ca'+ and thus the activation of these enzymes and thereby oxidative metabolism (see Denton & McCormack, 1985) . In this way the stimulation of energy utilization as processes such as contraction or exocytosis are enhanced is balanced by a parallel stimulation of ATP-producing reactions. Therefore also, as a consequence, it is proposed that the primary function of the mitochondrial Ca2+-transport system is to regulate matrix rather than cytoplasmic Ca2 + .
The intrumitochondriul Cu2
+
-sensitive dehydrogenases and their properties
The pyruvate, NAD+ -isocitrate and 2-oxoglutarate dehydrogenases all catalyse irreversible oxidative decarboxylations producing NADH. All three can also be activated by increases in the ADP/ATP and NAD+/NADH concentration ratios (McCormack & Denton, 1979) . We have termed this type of control 'intrinsic' as it would ensure that changes in cellular ATP utilization directly initiate the appropriate changes in both respiratory chain activity and in the supply of substrate to the chain. In contrast, we have termed the regulation by Ca2+ as 'extrinsic', since it is potentially a means whereby extracellular agents such as hormones could override the intrinsic mechanisms and so increase the supply of substrate for ATP production without the need for large changes in these key metabolite ratios. Interestingly, regulation of these enzymes by Ca2+ appears to be restricted t o vertebrate sources (McCormack & Denton, 1981b) , whereas regulation by nucleotides is more widespread, perhaps suggesting that the former be regarded as something of an evolutionary refinement. Moreover, there may indeed be a functional evolutionary link between the Ca"-sensitivity of the dehydrogenases and the ability of mitochondria to take up submicromolar concentrations of Ca2 + by a specific pathway (McCormack & Denton, 1986) .
The effects of Ca2+ on pyruvate dehydrogenase are primarily brought about by its activation of pyruvate dehydrogenase phosphate phosphatase (Denton et al., 1972) , though perhaps pyruvate dehydrogenase kinase is also inhibited by Ca2+ (Cooper et af., 1974 McCormack & Denton, 1979) .
Studies on Caz+ -regulation of the dehydrogenases within intact mammalian mitochondria Preliminary studies on uncoupled mitochondria from rat brown adipose tissue and heart , where it was shown that there was free-equilibrium of Ca2 + across the mitochondrial inner membrane, established that all three of these enzymes exhibited the same sensitivity to Ca2+ within the mitochondrial matrix as they did in extracts of mitochondria. Studies on intact, fully coupled, mitochondria from a variety of mammalian tissues, including the excitable, rat heart Hansford, 1981) , skeletal muscle (Ashour & Hansford, 1983; Fuller & Randle, 1984 ) and brain (Hansford & Castro, 1985) , as well as other tissues such as liver (McCormack, 1 9 8 5~; Johnston & Brand, 1987) , adipose tissue (Marshall et al., 1984) and kidney (McCormack & Bromidge, 1987) , have all been able to demonstrate that these enzymes can be activated by increases in extramitochondrial Ca2+ within the range of concentrations expected to occur within the cytoplasm of normal cells (i.e. approx. 0.05-2 p~) .
This range of effective extramitochondrial Ca2 + is achieved in the presence of physiological concentrations of both Mg2 +, which inhibits mitochondrial Ca2+ uptake, and Na+, which promotes Ca2+ egress from mitochondria (see Crompton, 1985) . In the absence of either or both of these effector cations, there are corresponding reductions in the effective extramitochondrial Ca2+ concentration ranges. It should be noted that in these type of studies on isolated mitochondria, the concentrations of Mg2+ and Na+ expected to occur in the cytoplasm are generally saturating for their effects on the Ca2 + -transport system ( e g Denton et al., 1980). Other studies have reported much higher values for the K , of Na+ in particular, which if correct could thus make changes in Na+ concentration in the cytoplasm physiologically important in this respect (see Crompton, 1985) . The ability to assay for the Ca2+-sensitive properties of these enzymes within intact mitochondria thus allows them to be used as probes for the matrix concentration of Ca2+ and hence they can be used in this way to study, for example, mitochondrial Ca2+ transport and the action of its effectors such as Na+, Mg2+, Ruthenium Red [a blocker of Ca2+ uptake (Moore, 1971) ], spermine [an activator of Ca2+ uptake (Nicchitta & Williamson, 1984) ] and diltiazem [a blocker of the Na+/Ca2+ exchanger egress pathway (Vaghy et al., 1982) l. Examples of this are shown for rat heart mitochondria in Table 1 .
The data obtained in studies on isolated mitochondria therefore suggested that the gradient of Ca2+ ions across the mitochondrial inner membrane (in : out) would normally only be about 2-3 and that hence mitochondria would be very unlikely to play any significant role in buffering the cytoplasmic Ca2 + concentration at normal physiological levels (see Denton & McCormack, 1985) . This fits well with results obtained on measuring total mitochondrial Ca content in situ using X-ray probe microanalysis which show that in undamaged normal cells the Ca content of mitochondria is very similar to that in the cytosol (see Somlyo et al., 1985; WendtGallitelli, 1986; Le Furgey et al., 1986) .
Evidence for the hormonal regulation of the intramitochondrial Ca2+ -sensitive dehydrogenases through changes in matrix Ca2
The first pieces of direct evidence that increases in intramitochondrial Ca2+ concentration may play some role in mediating the stimulatory effects on oxidative metabolism of hormonal and other agents which were known to cause increases in cytoplasmic Ca2 + concentrations, have come from studies on the application of Ruthenium Red to intact tissue or cell preparations of excitable tissues. One of the key unresolved questions in this approach is just how the Ruthenium Red can cross the cell membrane to exert its effects, but that it must d o so is perhaps the only plausible interpretation of the results obtained (see below). It is perhaps significant that, in general terms, this approach has only given direct evidence with excitable tissues and not with other preparations, e.g. liver cells or perfusions (J. G. McCormack & F. Assimacopoulos-Jeannet, unpublished work) where, it must be assumed, the Ruthenium Red cannot appreciably cross the cell membrane.
Positive inotropic agents bring about their effects on heart cells by raising the sarcoplasmic concentration of Ca2+ during systole, and indeed a 'time-averaged' increase in this parameter can be measured directly (Marban et al., 1980) from about 0.1 to 5 p~, i.e. within the same range that leads to the activation of the matrix Ca2+-sensitive enzymes in (Table 2 ). In contrast, the increases in contractile force or phosphorylase a content (as indicators of the elicited increases in cytoplasmic Ca? + ) were largely unaffected by Ruthenium Red (McCormack & England, 1983) , although the compound does have some negative inotropic effects in the absence of positive inotropic agents. However, a similar degree of negative inotropy induced by verapamil did not prevent the agonist-induced increases in active pyruvate dehydrogenase (McCormack & England, 1983) . In support of the above, Hansford (1987) has recently shown that Ruthenium Red does not prevent the increases in cytoplasmic Ca?
+ concentration in isolated myocytes loaded with Quin 2 and subjected to various treatments designed to elicit this response, but again does block the accompanying increases in active pyruvate dehydrogenase. Hansford & Castro (1985) were also able to show that in isolated synaptosomal preparations from rat brain the amount of active pyruvate dehydrogenase could be increased as the result of depolarization caused by either the addition of high K + or veratridine (with or without ouabain) to the incubation media. Once again these increases in active enzyme could be largely prevented by the application of Ruthenium Red, whereas the compound was found not to diminish the resultant rises in cytosolic Ca2+ concentrations measured with Quin 2.
An earlier report by Hagg et ul. (1976) demonstrated that the administration of Ruthenium Red to the perfused hindquarter of anaesthetized rats blocked the activation of skeletal muscle pyruvate dehydrogenase which occurred when exercise was induced by stimulation of the sciatic nerve; a similar activation of pyruvate dehydrogenase as the result of exercise in rat gastrocnemius muscle had also been noted earlier by Hennig et al. ( 1975) . Hagg et al. (1 976) did, however, note that Ruthenium Red also appeared to interfere with the ability of this muscle to contract in response to sciatic-nerve stimulation. Both this and the negative inotropy observed in the heart (see above) may be the result of the interaction of Ruthenium Red with the sarcoplasmic reticulum membranes within the cells where it may exert some inhibition of Ca2+ release (see Chamberlain et al., 1984) . In summary though, in several separate studies using Ruthenium Red on three different excitable tissues there is now evidence that induced increases in cytoplasmic Ca2+ concentration are also relayed into the mitochondrial matrix to lead to the activation of pyruvate dehydrogenase and presumably the other two Ca2
However, by far the most convincing and direct evidence for this role of intramitochondrial Ca2+ has followed the realisation that the increases in active pyruvate dehydrogenase, induced by hormones known to work through increases in cytosolic Ca2 +, can persist through the preparation of mitochondria and then also during their subsequent incubation at 30°C in KCI-based media containing respiratory substrates and EGTA (Table 3) . Such an approach has been used thus far in studies on the heart and also on the liver (McCormack, 19856; Assimacopoulos-Jeannet et al., 1986) . This persistence can be achieved provided that the tissue is rapidly disrupted (within 1-2 s, usually by Polytron homogenization) into icecold medium containing EGTA and in which both the uptake and release of Ca2+ by the mitochondria is minimized. Indeed such conditions where the mitochondria appear to retain their original Ca content can be demonstrated directly by preloading mitochondria in vitro with 4sCa and then putting them through the whole isolation procedure once again McCormack, 1985 b) , before subsequently incubating them under the appropriate conditions. Significantly, it was found that the incubation of such mitochondria with Na+ ions to activate the Na+/Ca2+ exchanger leads to a rapid loss in the retained Ca and a corresponding loss of the persistent activation of pyruvate dehydrogenase -unless, that is, if diltiazem was also present to block the Na+-dependent CaL+-egress pathway ( Table 3) . The persistent activation could also be 'saturated out' by incubation with a sufficient concentration of Ca2+ ions to result in saturation of the Ca2 +-dependent activation of pyruvate dehydrogenase, again suggesting that the original activation was due to a persistent increase in matrix Ca2+ concentration in the mitochondria from the hormone-treated tissues (Table 3) .
Strong evidence in support of the above interpretation came with the demonstration that the activity of 2-0x0-glutarate dehydrogenase within the mitochondria prepared from such hormone-treated tissues (and assayed at subsaturating concentrations of 2-oxoglutarate) paralleled that of pyruvate dehydrogenase and thus was also found to be enhanced when compared to the activity within mitochondria prepared from untreated tissues McCormack, 1985 b; AssimacopoulosJeannet et al., 1986 ) (see Table 3 ); again this persistent activation could also be reversed by activating Na+ /Ca2
has not yet been possible to find a way of assaying for the Ca2+-sensitive properties of NAD+-isocitrate dehydrogenase in isolated heart mitochondria owing to the low activity of the tricarboxylate carrier which they possess (Chappell & Robinson, 1968) .
Other supporting evidence has come from the measurement of the total Ca contents of mitochondrial fractions from the hormone-treated tissues which were found to be elevated (to the 2-4 nmol/mg of protein range) when compared to controls (about 1 nmol/mg of protein) (Crompton et al., 1983; Assimacopoulos-Jeannet et al., 1986) . The values obtained for thiks parameter in such studies are very similar to those estimates made in situ using X-ray probe microanalysis (Somlyo et af., 1985; Wendt-Gallitelli, 1986 ).
Conclusions and some implications Such observations as those described above strongly suggest that in both excitable and non-excitable tissues, extracellular agents which elicit increases in cytoplasmic Ca2 + concentrations to stimulate energy-requiring processes such as contraction or secretion, also, as a result, bring about increases in intramitochondrial Ca2 + concentrations and hence compensatory increases in oxidative metabolism to meet these enhanced energy demands. The major advantage of such a mechanism would be to the homoeostasis of the cellular energy metabolism as it would allow increased formation of NADH for the respiratory chain without the important NADH/NAD+ and ATP/ADP concentration ratios being diminished, at times when it would be most desirable to have them maintained or even increased (McCormack & Denton, 1986) . This concept of enhanced substrate supply through increased matrix Ca2 + being a driving force for the enhancement of the overall process of oxidative phosphorylation, can perhaps be considered as analogous to the stimulation of glycogen breakdown as a driving force for the enhancement of glycolysis in some tissues as the result of increases in cystolic Ca2+ leading to the activation of phosphorylase kinase (Cohen, 1978) . The most recent n.m.r. data would appear to offer strong evidence in support of the above concept for some degree of control of oxidative phosphorylation being exerted through matrix Ca2+, as opposed to the classical view that regulation is achieved principally through changes in the ATP/ADP concentration ratio or phosphorylation potential. In particular, it would appear now to be clear from such studies on the perfused rat heart, that under many circumstances of increased work or positive inotropy, this key metabolite ratio is maintained remarkably constant, or even increased, when compared to controls (Balaban et al., 1986; From et al., 1986; Allen et al., 1986) .
The main role of the Ca2+-transport system of the mitochondria of both excitable and other cells, therefore, is probably to ensure that changes in the cytoplasmic concentrations of Ca2+ are relayed into the mitochondrial matrix. In tissues such as the heart, the changes in matrix Ca2+ are likely to be 'time-averaged', i.e. they will be damped down compared to the dramatic beat-to-beat changes which occur in the cytoplasm (Crompton & Roos, 1985) . It is of interest that even in a tissue like the liver there is now some evidence from studies on single cells injected with the Ca2 + -sensitive photoprotein ae uorin, that agonists may in fact induce pulses of increased concentration producing an increase in the frequency of pulsing, rather than increases in steady-state concentrations of cytosolic Ca2+ (Woods et al., 1986) .
Other interesting observations in this context include those that a ,-adrenergic agonists appear to increase the activity of the Ca2+-uptake pathway of both heart (Crompton et al., 1983) and liver (Taylor et al., 1980) mitochondria, and that the Na+-dependent egress pathway for mitochondrial Ca2+ may be inhibited by physiological concentrations of extramitochondrial CaZ + (Hayat & Crompton, 1982) . Each of these effects would serve to augment the increases in intramitochondrial Ca2 + concentration in comparison to those in the cytoplasm. There are also reports that b-adrenergic agonists may stimulate the activity of the Na+-dependent egress pathway in the liver (Goldstone et al., 1983) . However, the above viewpoint on the role of mitochondrial Ca2 + -transport is not compatible with the earlier suggestions that mitochondria may play a key role in buffering the cytoplasmic Ca2+ concentration (see e.g. Nicholls & Akerman, 1982; Fiskum & Lehninger, 1982) . In particular, it now appears that buffering behaviour will only be exhibited at concentrations of Ca2 + where Ca2+ -sensitive processes in both the cytoplasm and the mitochondrial matrix would be saturated (Denton & McCormack, 1985) . Under such circumstances of excessive Ca2 + influx into cells, e.g. after ischaemia and reperfusion in the heart (Bourdillon Ca 9+ in ' the cytosol of these cells too, with increased agonist & Poole-Wilson, 198 1 ), the Ca2 + buffering behaviour of mitochondria may play an important protective role to restrict increases in cytoplasmic Ca*+. However, it is important to realise that derangement of mitochondrial function can also result if they are allowed to take up excessive amounts of Ca2+ (see McCormack, 1 9 8 5~) .
There are indeed some reports which suggest that Ruthenium Red may prevent excessive mitochondrial Ca2+ -overload in the ischaemia-reperfused heart condition (Smith, 1980; Peng et al., 1980; Ferrari et al., 1982) and that such overloading may be a key event in the onset of cell necrosis.
